Regional comparisons (cortical surface area and thickness) were performed on a well described sample of adults with reading disability alone (RD), nonverbal giftedness alone (G), and reading disability and nonverbal giftedness combined (GRD). These anatomical results are considered in relation to behavioral and functional work previously reported on this sample. GRD-RD regional differences were found in both hemispheres and were more common than GRD-G differences. Regional differences were found in the temporal, parietal, occipital and frontal lobes. While these data are preliminary given the small sample sizes, they suggest future avenues of research on the neurodevelopment of atypical samples.
Introduction
While estimates may vary, the rate of developmental reading disability (RD) or dyslexia in the school age population is thought to be between 7-10%, with approximately 1.5 boys to every girl (Shaywitz & Shaywitz, 2005) . RD is a specific learning disability characterized by difficulties with accurate and/or fluent word recognition and by poor spelling and decoding abilities. These difficulties typically result from a deficit in the phonological component of language that is often unexpected in relation to other cognitive abilities and impairs effective classroom instruction (Lyon, Shaywitz, & Shaywitz, 2003) .
There is now a wealth of genetic, neurological, and behavioral research on RD, which has presented a fairly consistent picture of the deficits and biological origins of the condition. Even though there is still much to understand, the research is clear on several points. First, RD is neurodevelopmental, in that the functional and structural brain anomalies associated with RD can often be traced to early, sometimes prenatal embryologic/fetal or infant growth periods (Eckert, 2004; Galaburda, LoTurco, & Ramus et al., 2006) . Second, genetic research has identified at least several key familial risk genes that play a part in neurodevelopmental events like neuronal migration and axonal guidance (Galaburda et al., 2006; Ramos & Fisher, 2009; Schumacher, Hoffmann, Schmäl, Schulte-Korne, & Nothen, 2007; Smith, Gilger, & Pennington, 2002) . Third, people with RD typically present with some form of dysfunction of the left hemisphere occipitaltemporal, temporal-parietal, and inferior frontal reading pathway (Démonet, Taylor, & Chaix, 2004; Hoeft et al., 2007 Linkersdörfer et al., 2012 Maisog, Einbinder, Flowers, Turkeltaub, & Eden, 2008; Richlan, Kronbichler, & Wimmer, 2009 . Fourth, deficits in word decoding or phonological awareness are hallmark symptoms, which may manifest themselves early on in oral language, and later as the child is learning to read (Shaywitz & Shaywitz, 2005) . Finally, intense (preferably early) remediation is thought to improve reading in RD individuals. In fact, several studies have shown that remediation programs can "normalize" the RD brain, improving the function of the left hemisphere "reading pathways" (Frye et al., 2010; Keller & Just, 2009; Simos et al., 2002) .
The majority of RD research has, understandably, focused on the cause and expression of the disability, particularly the left hemisphere language-oriented problem. However, some have proposed that RD is a condition with other qualities as well. In support of this, research has demonstrated that the RD brain is diffusely atypical in structure and function, probably due to early developmental perturbations, with anatomical and functional differences not limited to the left hemisphere language regions (Diehl et al 2014; Eckert, 2004; Galaburda et al., 2006; Gilger & Kaplan, 2001; Hynd, SemrudClikeman, Lorys, Novey, & Eliopulos, 1990; Linkersdörfer et al., 2012; Maisog et al., 2008; Olulade, Gilger, Talavage, Hynd, & McAteer, 2012; Richlan et al., 2009 Richlan et al., , 2011 In addition to the reading pathway of the left hemisphere, RD brains may show structural and/or functional differences in the right hemisphere and other subcortical regions, as well as frontal, parietal, and temporal areas not normally considered part of the traditional reading pathway (Eckert, 2004; Keller & Just, 2009) . Studies have also reported prenatal neuronal migration "errors" in cortical and subcortical locations, and variations in regional connectivity (Galaburda, 1992; Galaburda et al., 2006) .
While there is initial understanding of how these neurological differences may manifest in the functional aspects of reading (Démonet et al., 2004; Galaburda et al., 2006; Shaywitz & Shaywitz, 2005) , how these structural deviations might be expressed in other behaviors or cognitive capacities is comparatively unknown. For example, how might neurological differences outside the classic reading/language areas contribute to nonlanguage skills like visuospatial processing? Are there certain structural patterns that may give rise to RD, but also contribute to variations in nonlinguistic skills, as proposed by some (e.g. Galaburda, 1992; Geschwind & Behan, 1982; Geschwind & Galaburda, 1987) ? For example, there are data indicating that individuals with RD show nonlinguistic behavioral deficits that may or may not contribute to their reading difficulties, such as those related to visual-orthographic processing, cognitive-temporal sequencing, and variations in skills linked to the parvo-magnocellular system (Howard, Howard, Japikse, & Eden, 2006; Nicolson & Fawcett, 1994; Schneps, Brockmole, Sonnert, & Pomplun, 2012; Skottun, 2005; Stein, 2001) . Two recent studies have also shown unique neurophysiology in RD samples compared to controls during the processing of complex 2D and 3D spatial stimuli (Diehl et al 2014; Olulade et al., 2012) again suggesting that neurological differences in the RD brain may lead to unique working networks in domains not commonly included under the umbrella of reading.
The condition of twice exceptionality (2e) is related to the issue of diffuse RD neurological differences and how these differences may manifest themselves in reading as well as other skills. Twice exceptional individuals are those with a disability alongside a higher-order, and significantly above average, cognitive skill. In the context of this study, 2e pertains to someone with RD as well as superior skills in a nonlinguistic domain (e.g., visuospatial processing), although 2e may present in linguistic domains as well (e.g., Berninger & Abbott, 2013) . Twice exceptionality rates vary greatly across studies, and some of the best estimates have placed the prevalence of 2e in K-12th grade in heterogeneous special education or gifted populations at around 3%-5% (with some as low as 1% and as high as 36%; Foley Nicpon, Allmon, Sieck, & Stinson, 2011; Ruban & Reis 2005) . Given that language-related disabilities are the most common learning disorder representing some 80% of the learning disordered population (Lerner, 1989) , it is not surprising that a majority of these 2e children have RD as part of their profile.
In an earlier fMRI study of 2e dyslexics, Gilger and colleagues Gilger, Talavage, & Olulade, 2013; Olulade et al., 2012) compared the functional neurology of text reading and 3-D spatial visualization/reasoning abilities in four groups of subjects: RD only, nonverbally gifted (G), nonverbally gifted and RD (twice exceptional, or GRD), and control samples. In brief, they found functional activation differences between the four groups during the processing of spatial and reading stimuli. For example, during the spatial task, RDs had reduced activation in middle and inferior frontal, prefrontal, and bilateral parietal regions relative to controls (BA 6, 7, 9) , and greater activation in several right hemisphere areas (e.g., mid temporal regions, BA 37, 39); Gifted subjects had greater activation bilaterally than the other groups in a number of areas (e.g., mid occipital region, BA 19); and, importantly, the RD and GRD samples were very similar to each other in terms of localization and levels of activation whether they were processing text or spatial information.
This report is aimed at supplementing the aforementioned fMRI findings on 2e dyslexics by providing an analysis of underlying brain structure (rather than function characteristics per se). Specifically, the goal was to ascertain if there are anatomical differences in the brains of those who are GRD, making them unique from their counterparts who exhibit dyslexia (RD) or giftedness (G) alone. While there have been other anatomical studies of savantism, a rarer and more extreme condition than the 2e classification used in this paper (Treffert, 2009) , there is to the best of our knowledge, only one published structural study of 2e learning or reading-disabled individuals (see Craggs, Sanchez, Kibby, Gilger, & Hynd, 2006) . Specifically, Craggs et al. presented evidence of a unique gyral morphology found in the parietal operculum (e.g., containing or bordering the planum temporale, supramarginal gyrus, and angular gyrus) that may be linked to nonverbal giftedness along with RD.
Materials and methods

Participants
The current study utilizes the same college-aged sample that has been reported on in other papers examining functional neurology (see Olulade et al., 2012) . All participants' primary and first language was English and they reported no previous diagnosis of neurological or psychiatric disorders. Subjects were placed into one of three groups based on the following criteria (note that the 4th group included in the prior studies, the controls, are not included in the present analyses):
Reading disabled or RD (N = 6/3 F) with Full-Scale IQ (FSIQ) standard scores above 85, with Verbal IQ (VIQ) and Performance IQs (PIQ) in the normal range (i.e. mean = 100, with a standard deviation of 15), and a previous diagnosis of RD and/or significant underachievement in reading and/or spelling that began during the elementary or middle school grades. These subjects also had a confirmed diagnosis of a disability through the University testing requirement to qualify for learning disability services, and the psychometric tests conducted as part of this study confirmed their RD profile.
Nonverbally gifted or G (N = 5/1 F) 1 with FSIQ and VIQ in the normal range and PIQ in the Superior or better range (above 120). Subjects in this group had no history of learning problems and demonstrated at least normal abilities in our psychometric testing.
Nonverbally gifted and reading disabled or GRD (N = 9/4 F) who met the IQ criteria for the G group and also had a history and/or university documentation indicating a reading disorder that was supported by psychometric testing.
At the time of the study, subjects were college students at a large Midwestern Research institution. Experimental procedures were approved by the University Institutional Review Board, written informed consent was obtained from each participant, and subjects were monetarily compensated. It is important to note that the G, RD, and GRD samples were carefully matched on VIQ and FSIQ, and that the RD and GRD groups presented a reading test profile consistent with a diagnosis of a reading-specific disorder in college-aged students (Wolfe, Schreiber, & Wasserstein, 2008) . The recruitment procedure involved interviewing each potential subject in-person. If the interview indicated that the individual fit the criteria of one of the four groups, he or she was then given an IQ test. If the results of the IQ test were within the required ranges previously outlined, the person advanced to the psychometric portion of the study that included the reading tests and other measures. Finally, those who met all of the above requirements to be classified as RD, G, or GRD were admitted into the MRI portion of the study. Overall, 35% of the subjects interviewed were ultimately given an MRI. While our final sample sizes for each group is relatively small, they are comparable in size to other studies investigating morphological differences in highly select groups of subjects, and was expected given the rarity of the sample and the strictness of the matching criteria.
Behavioral battery
Participants underwent a battery of behavioral/psychometric tests to confirm diagnoses and group placement: the Wechsler Abbreviated Scale of Intelligence (WASI; Wechsler, 1999) , comprised of the Vocabulary, Similarities, Block Design and Matrices subtests. The WASI yields highly reliable VIQ, PIQ and FSIQs; the Reading Fluency (WJRF: reading of sentences), Passage Comprehension (WJPC: contextual understanding of a written passage), and Spatial Relations (WJSR: detection of object features, mental manipulation of objects and visual matching) subtests of the Woodcock-Johnson Test of Achievement (Woodcock, McGrew, & Mather, 2001) ; the Rapid Automatized Naming tests that assess fluency for reading letters and numbers (RAN; Wolf & Denckla, 2005) ; and the Word Recognition (WRATREC: single word reading), Spelling (WRATSPELL: written spelling of orally presented words), Mathematics Computation (WRATMATH: written math calculations), and Sentence Completion (WRATSC: written sentence comprehension) subtests of the Wide Range Achievement Test (Wilkinson & Robertson, 2006) . Other self-report questionnaire and interview data, not relevant to this report, were collected as well. The RD and GRD samples were required to have qualified for special services for RD at the university. A licensed psychologist performed testing at the University within 2 years of the start of this study, and resulting data was made available to our research team. See Table 1 for descriptive statistics on these measures.
Image acquisition
Anatomical images were acquired at the University MRI Facility using a General Electric Medical Functional studies, though not part of this report, required an additional 60 minutes of imaging time, thus each imaging session lasted approximately a 90 minutes (see . The functional portion included two tasks: a spatial visualization task based on the mental rotation task of Shepard and Metzler (Shepard & Metzler, 1971) ; and a reading assessment consisting of a word rhyme judgment task (Pugh et al., 2000) . The word rhyme task has been shown to discriminate reading disabled from normal readers. We have presented descriptive data on these in-scanner measures for the reader in Table 1 .
Image processing and cortical thickness and surface area extraction
Cortical reconstruction and volumetric segmentation were performed using the FreeSurfer image analysis suite version 5.0.0, which is documented and freely available for download online (http:// surfer.nmr.mgh.harvard.edu/). The technical details of these procedures are described in prior publications (Dale, Fischl, & Sereno, 1999; Fischl, Liu, & Dale, 2001; Fischl et al., 2002 Fischl, Van der Kouwe, & Destrieux, 2004; Ségonne et al., 2004) . Briefly, post processing included motion correction, removal of nonbrain tissue using a hybrid watershed/surface deformation procedure , automated Talairach transformation, segmentation of the subcortical white matter and deep gray matter volumetric structures (including hippocampus, amygdala, caudate, putamen, ventricles- Fischl, Salat, et al., 2004) ), intensity normalization (Sled, Zijdenbos, & Evans, 1998) , tessellation of the gray matter white matter boundary, automated topology correction (Fischl et al., 2001; Ségonne, Pacheco, & Fischl, 2007) , and surface deformation following intensity gradients to optimally place the gray/white and gray/ cerebrospinal fluid (CSF) borders at the location where the greatest shift in intensity defines the transition to the other tissue class (Fischl & Dale, 2000) . The main and pial surfaces were visually inspected and data with poor image quality were excluded: one from the RD group and one from the GRD group.
Once the cortical models were complete, a number of deformable procedures were performed for further analysis including surface inflation, registration to a spherical atlas which utilized cortical folding patterns to match cortical geometry across participants, parcellation of the cerebral cortex into units based on gyral and sulcal structure (Desikan et al., 2006; , and creation of a variety of surface-based data, including maps of curvature and sulcal depth. This procedure uses both intensity and continuity information from the entire three-dimensional MR volume to produce representations of cortical thickness, calculated as the closest distance from the gray/white boundary to the gray/CSF boundary at each vertex on the tessellated surface (Fischl & Dale, 2000) . These maps are created using spatial intensity gradients across tissue classes and are therefore are not simply reliant on absolute signal intensity. The maps produced are not restricted to the voxel resolution of the original data and thus are capable of detecting sub-millimeter differences between groups. Procedures for the measurement of cortical thickness have been validated against histological analysis (Rosas et al., 2002) and manual measurements (Kuperberg et al., 2003; Salat, Buckner, & Snyder, 2004) . FreeSurfer morphometric procedures show good test-retest reliability across scanner manufacturers and across field strengths (Han et al., 2006) .
Primary statistical analysis
Selection of regions of interest While there were many possible anatomical regions of interest (ROIs) to focus on in the present study, we opted to restrict our analyses to those areas driven by the significant functional areas coming out of prior research . Limiting our ROIs in this way allows for an a priori focused approach, which is less exploratory and more powerful. The essential goal here was to determine the extent to which GRDs differ from RDs and Gs in terms of their basic underlying brain anatomy. Many of these regions are included in the left hemisphere cortical reading pathway, as well as several areas that have been identified as active during spatial visualization tasks, including prefrontal, anterior cingulate and superior/inferior parietal regions (see O'Boyle et al., 2005) . Table 2 displays the 10 cortical ROIs examined in the current study. These parallel the significant functional differences for these groups previously reported Olulade et al., 2012) . ROIs were assessed for both cortical thickness and surface area. Both area and thickness were included as the cytoarchitectural characteristics defining cortical thickness and surface area as the can vary across regions and are thought to be genetically independent (Frye et al., 2010; Panizzon et al., 2009) . It is important, therefore, to look at both indices, as each may represent a different developmental phenomenon.
The focus of this study was on the RD, G and GRD samples. As our question focused on G-RD-GRD differences, we did not include an analysis of the control sample. This also helped simplify our results and limit the number of statistical tests conducted. Specifically, one contrast of interest was RD vs. GRD, to provide insight into how the 2e brain may structurally differ from those who are RD but not gifted. A second contrast of interest was GRD versus G, to assess how a 2e brain may differ from a brain matched for giftedness but without disability.
Contrasts
Before conducting contrasts, all ROIs were corrected for brain size by adjusting thickness indices for overall cortical thickness and area indices for overall cortical area. To address the two contrast questions, we applied multivariate linear regressions in the form of (Cohen, Cohen, West, & Aiken, 2003) :
where ROIr represents a residual ROI after correction for brain size, β0 is sex (male-female), β1 is age, β2 is a dummy variable coded to reflect group membership (RD, GRD, or RD), and y is the intercept. The group membership variable included just the RD and GRD groups/subjects for the RD vs. GRD contrasts, while the variable included just the GRD and G groups/subjects for the GRD vs. G contrasts. We opted to use regression as a means to control for the effects of covariates (age and sex), as well as provide an easily interpretable measure of independent effect sizes for each equation variable (i.e., partial correlations). A partial correlation of a binary variable such as group membership as GRD or G, would be equivalent to the t-test of two group means that have been adjusted for age and sex (Cohen et al., 2003) . Sex and age (β0 and β1) are control variables only, and the variable of real interest is β2. In particular, we looked at tests of the significance of β2 in the full model along with the other predictors to assess the unique explanatory variance in an ROI that is due to group differences. Regressions were run for all 10 ROIs, for both the area and thickness indices for each of the two contrasts, resulting in 40 regressions (10 * 2 * 2).
Results
Behavioral battery
Descriptive statistics are presented in Table 1 . Table 1 includes psychometric and fMRI task data that are not part of the key inferential analyses of this report. We included all the data within this table to provide the reader with a complete picture of how the G, GRD and RD groups compare to one another on these measures. The fMRI spatial reasoning tasks tap into cognitive processes similar to those of the Performance IQ (PIQ) subtests used to categorize our subjects as nonverbally gifted (Kaufman & Lichtenberger, 2002) , and our previous research has shown that PIQ is positively correlated with performance on the Shepard-Metzler 3-D Mental Rotations Task (Shepard & Metzler, 1971) in our study (r = .48, p < .001). Table 1 shows that the grouping manipulation was successful: mean VIQ and FSIQs were in the normal range for all three groups, while the G and GRD groups equally excelled on mean PIQ. The significant though small elevation in FSIQ for the G and GRD groups is probably due to how their FSIQ was calculated (i.e., it takes into account both VIQ and PIQ). Notably, the groups were wellmatched on VIQ, and compared to the G group, the RD and GRD groups performed significantly poorer on the reading-spelling accuracy and fluency tests as expected (WRATREC, WRATSPELL, RANL, WJRF, WJPC, MRI Reading % correct, and response time).
Regions of interest
ROIs having significant effects, their corresponding partial correlations (with sex and age in the equation), and p-values are presented in Table 3 . Regions of significance are also shown graphically in Figure 1 . Age and sex were not significant in any equations. As Table 3 shows, at least one significant (p < .05) β2 coefficient was found for 9 out of the 10 brain areas we examined, and 7 (17.5%) of the 40 specific ROIs tested yielded significant results. As this is a preliminary report based on a rare, but small sample, we display probabilities uncorrected for potential Type 1 errors but we note in Table 3 which findings remain significant after Bonferroni Type 1 correction (Hays, 1981) .
For these analyses and the β2 variable, RD subjects were coded 1 and GRD were coded 2 (RD vs. GRD), or G was coded 1 and GRD was coded 2 (G vs. GRD) (see also note in Table 3 ). Thus, for the RD versus GRD comparisons, positive partial correlations indicate a larger ROI area or thickness for GRDs, while negative partial correlations indicate a larger ROI area or thickness for RDs. Similarly, for the G vs. GRD analyses, positive partial correlations indicate a larger ROI area or thickness for GRDs, while negative partial correlations indicate a larger ROI area or thickness for Gs. The square of the partial correlation can be used as an estimate of effect size (Cohen et al., 2003) .
RD vs. GRD comparisons
In the left hemisphere, significant RD vs. GRD effects were found for regions in and around the inferior frontal gyrus and Broca's area (pars orbitalis, pars triangularis), and Wernicke's area/ auditory cortex (superior temporal gyrus). The RD group displayed thicker superior temporal and pars orbitalis regions, and a smaller surface area for the pars triangularis. Effect sizes range from .87 to .67, and are moderate to substantial.
In the right hemisphere significant group effects were found for the superior temporal gyrus (Wernicke's/auditory cortex) and the inferior parietal lobule with the RD group displaying greater thickness in both areas. The only significant difference between the RD and GRD groups for surface area was in the right mid-temporal gyrus, with RDs having a smaller mean value. Effect sizes were between .75 and .49.
G versus GRD comparisons
These analyses yielded only one significant comparison: a larger mean surface area for G relative to GRD in the lateral occipital region of the left hemisphere. The effect size was .54 and moderate. a Partial correlations derived from final full multiple R model, all predictors entered: ROI = Age + Sex + GRD-G or GRD-RD grouping. G or RD coded 1, GRD coded 2 for analyses. Overall brain size/volume has been controlled (see text). Negative r: size/ thickness increases for G or RD relative to GRD; Positive r: size/thickness increases for GRD relative to G or RD. NA: region not examined; NS: region examined but not statistically significant. Age and sex were not significant in any equations. b Significant after Bonferroni Type 1 error correction (Hays, 1981) . Discussion This is a preliminary study of the neuroanatomy of individuals with a reading disability who also exhibit nonverbal giftedness (i.e., GRD). One hypothesis is that GRD essentially reflects the contributions of both gifted (G) and reading disabled (RD) brain function, and so we chose to ascertain what is unique to the GRD anatomy relative to G or to RD neurology separately. Thus, a "subtractive logic" approach was applied where one contrast with GRD removed the similarities due to G alone, and the other removed the similarities due to RD alone. We recognize, of course, that GRD neurology is likely more than a simple addition of G and RD neurology. However, our approach represents one way to compare cases with one or both conditions to each other, and examine how being GRD may differ from being RD or G alone. As previously mentioned, other than the functional work done on this sample, to our knowledge, no other imaging study has been reported on the gifted yet learning disabled, except for some neuroanatomical work by Craggs and colleagues (2006) .
Both surface area and regional thickness contribute to overall cortical volume, and this index is generally and reliably associated with higher cognitive functioning (i.e., bigger tends to be better; Frye et al., 2010; Haier, Jung, Yeo, Head, & Alkire, 2004) . It is worth noting that although both surface area and thickness contribute to overall brain size, these measures tend to be uncorrelated (as they were in the present sample; p > .05). Moreover, each measure may reflect the effects of different neurodevelopmental events and timing effects, and while each index is highly heritable (h2~.80-.90) they share little genetic variance (Panizzon et al., 2009) .
In contrast to general brain size, the interpretation of specific regional size differences is not straightforward (Burgaleta, Johnson, Waber, Colom, & Karama, 2014; Goh et al., 2011; Karama et al., 2009; Margolis et al., 2013; Menary et al., 2013; Schnack, Van Haren, & Brouwer et al., 2014; Shaw et al., 2006; Sowell, Thompson, & Leonard, 2004) . In some cases, dependent on age, thicker regional cortices are associated with higher abilities, although the opposite can be true as well, with thinner cortices reflecting more efficient processing Goh et al., 2011; Margolis et al., 2013; Menary et al., 2013; Schnack et al., 2014; Shaw et al., 2006; Sowell et al., 2004) . The picture is even more complex given research showing that shrinkage or reduced region size can be associated with deficits in cognitive abilities, while other studies show that larger size is predictive of more enhanced abilities , and at other times, there appears to be no relationship (Burgaleta et al., 2014; Tramo et al., 1998) . For example, Frye et al. (2010) demonstrate a complex pattern of regional area and thickness measurements related to reading and reading disability, which included negative correlations between inferior frontal volume and phonological test performance in RDs, even though the volume of this region was larger overall in the non-RD sample (see also Linkersdörfer et al., 2012) . Other research suggests that highly educated and older RDs may show different morphological patterns than younger RDs (Frye et al., 2010; Maisog et al., 2008) . Although the younger group may show grey matter reductions in bilateral posterior temporal, temporoparietal, and occipito-temporal regions, older subjects may show a different pattern, particularly in the right hemisphere.
Interpreting the complex relationship between ROI size and cognitive function is further complicated when attempting to link it to fMRI results and subsequent behavioral expression (Haller & Bartsch, 2009) . In other words, whether the GRD group displays smaller (or larger) mean areas or thicknesses may or may not be clearly related to the underlying pattern of activation found in the fMRI study of this sample. And while most of the significant structural contrasts involved RD-GRD comparisons, it is noteworthy that the GRD and RD groups often appeared quite similar in terms of their fMRI activation patterns and that the RD and GRD subjects performed quite similarly on the non-IQ-related behavioral measures (see Table 1 and . This stands in contrast to the current anatomical study where we found that the significant differences most often occurred for the GRD-RD and not the GRD-G comparisons. So while functionally similar, RDs and GRDs were structurally quite different. This discrepancy awaits resolution and the results of the present anatomical study must be viewed in the context of a small sample size and its concomitant effect on statistical power. Bearing in mind that making clear statements about the meaning or function of each significant ROI is risky given the limitations of this study, it remains noteworthy that the regional differences in favor of G or GRD (Left Pars Triangularis, Left Medial Temporal, and Right Lateral Occipital) were for area and not volume. As cortical volume and area measures may reflect different neurodevelopmental events, with area being laid down more prenatally and volume more responsive to postnatal experience, it is possible that our observations of larger ROI areas for G and GRD represent an early predisposition towards nonverbal giftedness (Frye et al., 2010; Panizzon et al., 2009 ).
Many of the regions showing structural differences in our contrasts have also been reported in studies comparing RD and normally reading control groups (Eckert, 2004; Frye et al., 2010; Linkersdörfer et al., 2012) . These include regions that are thought to comprise oral and/or written language systems (e.g., primary auditory cortex, Wernicke's). As would be expected for a languagerelated disorder, research has shown that many of the RD differences reside in the left hemisphere, often revealing smaller areas or thicknesses that are linked to reading deficits (Eckert, 2004; Frye et al., 2010; Maisog et al., 2008) . It is noteworthy that the significant ROIs reported in the current study are also among those often cited as parts of the Parieto-Frontal network model of human intelligence (see Parieto-Frontal Integration Theory [P-FIT]; Jung & Haier, 2007) .
Closing comments
The results of this study suggest that further research is needed. Our data, for instance, do not include an analysis of white matter or connectivity. Indeed, connectivity is likely important and has been implicated as a possible factor contributing to both RD and giftedness independently (Prescott, Gavrilescu, Cunnington, & O'Boyle, 2010; van der Mark et al., 2011) . The differences reported here for cortical volume, in particular, touch upon what may be a reflection of pre-and postnatal experience that determine networks dependent upon how regions co-develop and connect. Future work looking at 2e and the neurological presentation of RD and giftedness together should include white matter and connectivity studies.
In addition to connectivity, other questions remain pertaining to how or why we observed these significant cortical differences. For example, were there unique gyral patterns in or around the ROIs that may have been linked to surface area measures like those reported in Craggs et al. (2006) ? These types of analyses require standardized visual inspection of scans and cannot be conducted with the digitized data made available through FreeSurfer. However, future projects can make use of our scans to ascertain if unique or gross morphological characteristics are present in our samples.
In conclusion, we recognize several caveats and cautions that limit interpretation of our data. The most obvious is sample size with the possibility of null results due to power deficiencies or significant results due to chance or noise. Still, perhaps like other (and often first) neurological studies on unique populations (e.g., as reviewed in Harrison, 1999) , we hope that these data will initiate new fields of research interest. While significant and large effects were found in our current preliminary work, they clearly require replication. We also hope that future research on this topic will be extended to the investigation of younger age groups, which may provide insight into the postnatal neurodevelopmental progressions of 2e/GRD individuals.
Notes
1. While we refer to our G and GRD groups as "gifted," we recognize that in practice these individuals may not reach the threshold for a gifted classification based on a standardized test. Our average nonverbal IQ in our samples is technically in the high/superior range (>120) and this may not meet the cut-off criteria for some gifted programs or reach the standard range for giftedness on common IQ tests (>130). However, all GRD and G adults have high/superior IQs in the nonverbal domain that stand out from their normal performance in the verbal domain or their deficits in reading. Clearly these subjects had strengths in the nonverbal area and many subjects reported talents or hobbies in the arts, engineering and other spatially-oriented applications.
Furthermore, many of the GRD subjects reported common issues seen in 2e students with nonverbal strengths, such as complicated diagnoses in elementary school, splinter skills and a preference for nonreading/nonverbal activities. The PIQ > VIQ split in the GRD group is also a frequently observed profile in the 2e. For these reasons we feel comfortable using our G and GRD comparison groups as adequate representatives of gifted and 2e samples, albeit they are not in the extreme gifted category and future research on such groups would further advance the field.
